Introduction
In the process of photosynthesis as carried out by the higher plants, the leaf absorbs carbon dioxide from the air and transforms it into organic matter. This assimilation of carbon dioxide is accomplished through a number of intermediate steps and anly complete analysis of the mechanism of this process requires that the carboni be traced through these consecutive steps. Obviously the first step is the absorption of carbon dioxide from the air.
The critical experiments of BLACKMAN (4) demonstrated that the carboni dioxide of the air enters the leaf throuoh the stomata. At first this view was difficult to accept because it seemed impossible that the volume of carbon dioxide necessary to maintain active photosynthesis could diffuse through such a small area. The stomatal area in the sunflower leaf is only 3.75 per cent. of the total.
This difficulty was removed, however, when BROWN and ESCOMBE (5, 6) showed that the diffusion of a gas through a perforated septum is almost unobstructed if the apertures have the proper dimensions and distribution. Examination showed that the required coniditions are fulfilled by the stomata of the sunflower leaf, and that the amouint of carbon dioxide necessary to maintain the maximum rate of photosynthesis so far observed can easily diffuse into the leaf provided "the interior of the leaf were a perfect 'sinlk' of atmospheric carbon dioxide." These small openings have the power of "drinking in atmospheric carbon dioxide" about fifty times faster than apertures of like dimension-s filled with "a conistantly renewed solution of alkali hydroxide."
This exceptional ability to " drink in" carboni dioxide led WILLSTXTTER and STOLL (33a) to search for the carboni dioxide absorptive agent in leaves.
Their researches (33b) showed that some leaves, particularly sunflower and nettle leaves, even when unilluminated, absorb reversibly considerable quantities of carbon dioxide. This absorption is not a function of the life process of the leaves. Probably the green pigments of the leaf have nothing to do with this reaction because yellow varieties of certain species absorb carbon dioxide as well as tlle green varieties. WILLSTXTTER and STOLL (33c) isolated no substances from leaves wlhich could accounit for the carbon dioxide combining capacity. They suggested that alkali and alkaline earth bicarbonates, especially magnlesium bicarboiiate, might be the source of the 1X:3
PLANT PHYSIOLOGY reversible absorption. They were more inclined to the view, however, that the chief absorptive agents are the amino compounds which react to form carbamino acids. WMILSTXTTER and STOLL (33d) also measured the absorption of carbon dioxide by chlorophyll both in true solution anid in colloidal suspension. From these measurements they concluded that chlorophyll, molecularly dispersed in alcohol, absorbed no carbon dioxide but that when colloidally dispersed in water it absorbed reversibly a small but definite quantity of this gas in addition to that absorbed by the magnesium which was split from the pigment as magnesium bicarbonate. They performed experiments to determine whether the carbon dioxide absorbed by the chlorophyll could be reduced to formaldehyde with the simultaneous production of a peroxide (33e). In every case the results were negative and the conclusion was reached that the illumination of chlorophyll in an atmosphere of carbon dioxide was not sufficient of itself to produce photosynthesis (33f).
In view of the importance of carbon dioxide absorption to photosynthesis and the fact that the active agent for the absorption of carbon dioxide by leaves had not been identified, SPOEHR and McGEE (24, 25, 26) undertook to establish the nature of the absorbing substance in leaves. Their experiments demonstrated that dried leaf material absorbed carbon dioxide; that the chlorophyll could be extracted with acetone without affecting the absorption; that an absorbing agent could be extracted from dried sunflower leaves by means of water saturated with ether; and, that the dissolved material maintained quantitatively the absorption capacity removed from the leaf material. Because of the removal of the absorptive material from leaves by the CHIBNALL-SCHRYVEE method for protein extraction (water saturated with ether) SPOEHR and McGEE were inclined to the view that a proteinaceous substance was responsible for this absorption through the carbamino reaction.
Further investigations by SPOEHR and NEWTON (27, 28) established that the absorptive material could be precipitated from the water extract of sunflower leaves by the addition of alcohol, and that this material was diffusible through an animal membrane. This material did not contain enough amino-nitrogen or total nitrogen to account for the absorption of carbon dioxide in equivalent molecular proportions. Consequently the hypothesis of the carbamino reaction as the source of the absorption was no longer tenable. These experiments also showed that "the larger part of the absorption of carbon dioxide by dried leaf material and the alcoholic precipitates obtained therefrom could be ascribed to bicarbonate formation."
Comparison showed that the leaves from sunflower and nettle possessed the highest carbon dioxide absorptive capacity of all the leaves studied. In fact dried leaf material from spinach, hydrangea, turnip, alfalfa, rhu- NEWTON was that possibly all leaves possess an absorptive capacity for carbon dioxide but that certainly for many it is very small.
Later SPOEHR (23) pointed out that special experiments would be required to demonstrate whether or not this absorption had any coninection with the photosynthetic process, but that it is suggestive that both sunflower and nettle leaves possess high absorptive capacity for carbon dioxide anid high photosynthetic activity.
In spite of the attempts made to establislh the clhemical system whereby carbon dioxide is absorbed by certain leaves, no definite knowledge of the constituents responsible for this reaction had been gained; nor had it been determinied whether this reaction was in any way related to the photosynthetic process. Because of the importance of these questions, both explicit an(l imiiplied, renewed attempts have been made to analyze the process whereby carboni dioxide is absorbed by the unilluminated leaf (29). For this purpose the carbon dioxide absorptive capacity of living and killed leaves, of chliorophyllous and nonehlorophyllous leaves, and of petals, roots, and leaves have been compared. The absorption of carbon dioxide by fractions (differing in solubility) from the sunflower leaves and by the chemical substances obtained therefrom has also been measured.
From these measuirements it has become evident that leaves possess a very complex system for the absorption of carbon dioxide. This system is composed of several interdependeiit chemical reactions which are in equilibrium with the carboni dioxide of the atmosphere. This system might provide a reservoir of carboni dioxide which would be available to the photosynthetic process.
Experimental procedure APPARATUS FOR MEASURING THE A.MOUNT OF CARBON DIOXIDE ABSORBED
The apparatus used for measuring the absorption of carbon dioxide ( fig. 1 ) consisted of two parts: I, a manometric system for measuring the absorption of the gas; and II, a pumpino system for removing, collecting, and analyzing the gas from the reaction vessel.
ABSORPTION APPARATUTS (I) .-A gas reservoir G couild be filled with the gas whose absorptioni was to be measured. After evacuationi of G by means of a Hyvac or a mercury diffusion pump through stopcocks B and H, it was filled from a gas tank attached through stopcock I. The pressure in the reservoir G was measured by manometer F. Manometer D was included so that the pressure in reservoir G could be measured without altering its volume. Manometer D indicated when the pressures in G and F were equal. Equality of pressures in G and F was obtained by evacuation
The gas receiver h was connected through a ground-glass joint so that it could be removed easily for cleaning. The air inlets to f were furnished with long tubes b and e so as to prevent the spillingr of mercury when levelling bulb a was raised. The gas trap 1 was inserted to eliminate the sweeping of small extraneous gas bubbles into receiver h. Mercury which spattered into tube q was collected in receptacle it and removed through stopcock m.
Only a few critical dimensionis nieeded to be regarded for the proper operation of the pump. Two of these are markedl on the drawing. The distanee between the nozzle i and the inilet into k had to be greater than the heighlt of the column of mercury supported by the pressure in the tube N, which for our purpose was greater than 760 mm. The height of the column of mercury in the capillary tube j was also great enough to insure a sufficient rate of flow of mercury, in this instance a height of about 100 to 110 cm. The diameter of the capillary j (approximately 1 mm.) was sufficiently large to permit a rapid flow of mercury but small enough to preveent the trapped air from eddying past the flowinig mercury. The opening of nozzle i had to be adjusted empirically to meet the other demands of the apparatus. This was done by constricting the tube to the desired diameter (approximately 1.5 mm.) by means of a hand torch.
The conversion factor for transforming pressure change in reservoir G to volume of gas absorbed in vessel L was obtained by measuring the change of pressure in reservoir G caused by removal of known volumes of gas. These volumes were measured in buret g. The reproducibility of these measurements was found to be about + 0.1 ml.
PIANT PHYSIOLOGY tion of the value for the conversion factor. The value of this factor was not dependent on the volume of the reaction flask L. The reaction vessels were approximately 50-ml. capacity and the volume of KJGC was 122.7 ml. in many of the experiments reported.
PROCEDURE.-A standard procedure was adopted for measuring the absorption of carbon dioxide by the various materials which were placed in the reaction flask L, or L'. The flask was attached to the apparatus through the ground-glass joint and the material allowed to come to temperature equilibrium with the bath. Living leaves were stored an additional length of time, one or two hours, before measurements were begun so as to lessen their respiration.
Next, the flask was evacuated by means of the Sprengel pump. For nonliving material the pumping was discontinued when gas bubbles ceased to appear in the capillary tube j. This point was easily determined. For living material, however, gas continued to be removed even after long periods of pumping. For such material an arbitrary period of twenty minutes was set, since this had been shown to be ample time to remove all gas from the empty reaction vessel.
The space in the reaction vessel, not occupied by the plant material, was estimated by admitting nitrogen gas from the reservoir and noting the change of pressure in the reservoir. The volume of nitrogen taken into the reaction vessel was calculated from the change in pressure. Subtraction of the amount of nitrogen aborbed by the water of the leaves (assuming the absorption to be the same as for pure water) gave the free space in the reaction vessel. The nitrogen was then pumped from the reaction vessel into receiver h, transferred to buret g, measured, and analyzed for carbon dioxide. The volume of nitrogen obtained in this way usually agreed with the volume absorbed (estimated manometrically) within ± 0.2 ml.
The absorption of carbon dioxide was then measured in exactly the same manner. The absorption by living leaves was very rapid, ten minutes being sufficient for saturation. In contrast to this, complete absorption by killed leaves required several hours.
By making a series of measurements at increasing pressures of carbon dioxide, the relation between the absorption of carbon dioxide and its partial pressure was obtained.
When the absorptions were completed, the gas was collected in receptacle h and the carbon dioxide determined. The agreement between the volumes the time. It was opened frequently for very slhort initervals to establish equilibrium between the two vessels.
At equilibrium the partial pressure of the gas being absorbed was equal to the gas pressure in reservoir G less the vapor pressure of the material in the reaction flask. With leaves in the reaction vessel, this vapor pressure was taken as the vapor pressure of pure water (12.8 mm. at 15.0' C.).
When the carbon dioxide was to be liberated from leaves by the addition of acid the reaction vessel L' was always used. In these instances the absorption measurements were carried out as has been described, the carbon dioxide was pumped off as completely as possible, alnd 10 ml. of 6 N hydrochloric acid containing one drop of heptyl alcohol was added from the addition funnel. The gas which was liberated was collected in the receiver h and the total volume of carbon dioxide determinied. Durinog the evolution of the gas the reaction vessel was shaken continuously.
After an experiment had been completed the material was removed from the reaction flask and dried in an oven at 1100 C. The water content thus obtained was used to estimate the amount of carbon dioxide dissolved by the water in the absorbing system, on the assumption that the water of the leaf absorbed the same quantity of carbon dioxide as pure water.
GAS-FLOW METHOD.-In a number of experimenits (tables I and II) aniother type of absorptioni method was used. Instead of using pure carbon dioxide gas at various pressures, the absorptions were measured at various desired gas mixture through the chamber. The chamber G was colnniected through ground joints to the Sprengel pump at B and the gas supply at A.
Before saturation was begun, the chamber was closed off from tubes A and C by means of the perforated stoppers D and E, then evacuated by the Sprengel pump through the stopcock F. The reaction vessel was shut off from the Sprengel pump and gas was admitted to the chamber through the stopper D and allowed to flow through the chamber by opening stopper E. The end stoppers were then closed and the gas from the reaction vessel pumped into receiver h. The volume of the gas was measured in buret g. This volume minus the free space (obtained by a similar manipulation with nitrogen) gave the volume of carbon dioxide absorbed. The The experiments were carried out in the apparatus shown in figure 1. The amount of gas absorbed, measured manometrically, was compared with the amount of gas that could be removed by pumping (table III, columns 6 to 8). Once the leaves had been treated with carbon dioxide the amounts of gas absorbed and removed were more nearly equal in subsequent treatments. This is shown by comparing the experiments lettered (a) with those lettered (b) and (c) in table III.
Complete reversibility was demonstrated for all the leaves examined, whether they were green, variegated yellow (no. 25), albino (no. 4), or etiolated (nos. 2, 9, 11, 16, 23) . It is apparent from these results that the green pigment is not the principal factor involved in the reversible absorption of carbon dioxide by leaves. This reversibility is characteristic of killed leaves (table III, nos. 27-30) as well as of living leaves, consequently it is not dependent on some life process in the leaves.
In most instances the amount of carbon dioxide removed from living leaves was greater than that absorbed. This additional carbon dioxide undoubtedly came from the respiration of the leaves. Its production not only increased the amount of carbon dioxide removable from the leaves but de- PLANT PHYSIOLOGY creased the absorption of an equivalent amount of carbon dioxide from thc gas reservoir. This made the amount of gas absorbed too small (table III, column 9). For this reason it may be that the amount of gas removed by pumping (table III, column 10) is a better measure of the absorption than the gas uptake, measured manometrically. The amount of carbon dioxide removed from killed leaves was usually slightly less than the amount taken up. This deficit was reduced to an insignificant amount if the period of pumping was greatly prolonged; hours of pumping were often required to remove the last noticeable quantity of gas. Perhaps the cause of this was the slow diffusion of gas in the killed leaf.
One conspicuous difference observed between living and killed leaves (killed by either heating or freezing) was the rate at which each attained equilibrium with its surrounding atmosphere. Living leaves absorbed or evolved carbon dioxide very quickly and reached equilibrium within a very few minutes. Killed leaves, however, required hours to complete the reaction. This retardation in reactivity is probably caused by the breaking down of the structure of the leaf, which would make diffusion much slower. The retardation also might be caused by the inhibition of the chemical reactions with carbon dioxide.
Summarizing, it may be said that the uptake of carbon dioxide by the unilluminated leaf is strictly a reversible reaction which is independent of the presence of chlorophyll and of the life processes of the leaf.
ABSORPTION OF CARBON DIOXIDE BY DIFFERENT EXTRACTS FROM SUNFLOWER

LEAVES
Preliminary to an investigation of what constituents in the leaf combine with carbon dioxide, the absorption and evolution (by acidification) of carbon dioxide by different extracts from sunflower leaves were determined. Frozen sunflower leaves were extracted with water and with water saturated with carbon dioxide. Sunflower leaves were chosen because of their large carbon dioxide absorption capacity, which has been remarked by others (33b, 28). In order to obtain the extracts the leaves had to be killed. For Irreversibly-combined CO2. The amount of carbon dioxide that is liberated from the evacuated leaf material on treatment with cold dilute acid. In practice it is the amount of carboni dioxide obtained from the material (in equilibrium with a given partial pressure of carbon dioxide) when acidified, minus the amount of carbon dioxide absorbed by the leaf when the pressure of carbon dioxide is changed from zero to the equilibrium pressure.
Total combinied CO2. The sum of the reversible and irreversible carbon dioxide.
t This result was determined with the Van Slyke blood-gas analysis apparatus instead of the apparatus shown in figure 1 which was used for the otlher measurements.
The water-soluble substances were removed from the leaves (10.00 gm.) killed by freezing in the following manner. The sample of killed leaves was extracted thoroughly with three 100-ml. portions of distilled water. The solid residue was collected, rinsed with distilled water, transferred to the reaction flask, anid its absorption measured (table IV, no. 4).
The extract was evaporated to dryness in a platinum dish on the water bath. The solid remaining was transferred quantitatively to the reaction flask by the use of distilled water and the absorption and evolution of carbon dioxide by this material measured ( The results of these experiments show that leaves with low water content absorb less carbon dioxide than those with normal water content, (fig. 3) . The removal of water from leaves reduced their capacity to 
SMITH: ABSORPTION OF CARBON DIOXIDE
The average value for the clhange in pH with change in pPC02 was found to be 0.995 wlhieli conforms well with the tlheoretical value of unity ( fig. 6 ). (20) the ionic strength of the sap was calculated as 0.2434. Applying the formula of GUGGENHEIM and SCHINDLER (10) and calculating the specific effect of the cations to be the same as an equal concentration of potassium ions, a value Of PfHCO3 = 0.173 was obtained.
was free from any compound that might bind carbon dioxide in any way except by neutralization. When the components were mixed, a precipitate appeared which was dissolved by bubbling carbon dioxide through the solution. On standing over night, calcium phosphate crystallized out of the solution. After standing at room temperature for several days the crystals were removed by filtration. The supernatant liquid was saturated with carbon dioxide at known partial pressures in the gas reaction cell ( fig. 5 ) and the activity of the bicarbonate ion determined. The value of the activity coefficient found was fHCo3 = 0.665 (PfHCo3 = 0.177). A closely-agreeing value fHc03 = 0.662 (PfHCo3 = 0.179) was obtained also by the use of a similar solution containing glucose (approx. 0.176 M).
The bicarbonate concentrations used in calculating the activity coefficients of bicarbonate ions were determined by means of the VAN SLYKE and NEIL blood-gas analysis apparatus (31) . Since the solutions analyzed were saturated with carbon dioxide it was necessary to subtract the amount of dissolved carbon dioxide in order to obtain the bicarbonate conicentration. This solubility was estimated by an independent measurement of the solubility of carbon dioxide in the solution. For this determination the solution was slightly acidified (pH 3.47) with concentrated hydrochloric acid.
An independent estimate of the activity coefficient of the bicarbonate ion was made from the ionic strength of the solution. fig. 7 ). Also HCO3 observed was determinied by meanis of the blood-gas anialysis apparatus.
The pH measurements in this paper are referred to the pH values for standard buffers given by MACINNTES, BELCHER, anid SHEDLOVSKY (14) : for the standard 0.1 N acetate buffer pH 4.650, and for the potassiuin acid plhthalate, 0.05 M, pH 4.000. the neutralization of the sap by acicl ( fig. 8) ratio of secondary to primary phosplhate was calculated. From this ratio and the total phosphate conitent of the sap the increase in bicarbonate ion concentration was determined. This was found to be considerably less than the increase in bicarbonate ion concelntration determined analytically (table  X) .
The method of estimating bicarbonate ion concentration, from the trans- In summarizing, it may be said that phosphates probably play an important role in the buffer action of sunflower-leaf sap toward carbonic acid; other substances are present, however, in the sap which react with carbonic acid. This was demonstrated by obtaining the neutralization curve of sunflower-leaf sap and also by calculating the amount of carbonic acid that could be neutralized by the quantity of secondary phosphate transformed.
ABSORPTION OF CARBON DIOXIDE BY THE WATER-INSOLUBLE LEAF RESIDUE
The killed leaf, even after extraction with water, absorbed carbon dioxide. The ash of this solid leaf residue contained calcium and magnesium salts, the amounts of which accounted completely for the alkalinity of the ash (table XII) These data make it apparent that a close correlation exists between the content of alkaline earths and the amount of carbon dioxide that can be combined by the leaf residue. In order to confirm the observation that water saturated with carbon dioxide removed calcium and magnesium carbonates from water-insoluble leaf residue, the dissolved material was isolated in solid form. Frozen sunflower-leaf material (210 gm.) was prepared as has already been described. Water-soluble material was removed by two extractions with water (2500 ml. each). The insoluble residue was then extracted twice with water saturated with carbon dioxide (2500 ml. each). The carbonic acid extracts were concentrated to 1500 ml. by boiling and the solid which precipitated was filtered off. This It is of interest, therefore, to determine whether any evidence exists from previous work for such a combination. Two methods have been used to obtain such evidence. One method has been to determine whether chlorophyllous tissues absorbed more carbon dioxide than did non-chlorophyllous tissues; the other method has been to filnd out whether isolated chlorophyll and its derivatives exhibited any tendency to react with carboln dioxide.
The results obtained previously have not been conclusive and in some cases have been actually contradictory. Because of the importance of the conception of a pigment-carbon-dioxide complex to the formulation of a proper scheme for the mechanism of photosynthesis, further evidence regarding the existence of such a complex has been sought.
In (12) , 0.5 gm. of chlorophyll beingo dispersed in 32 ml. of colloidal suspension. HUBERT'S method was-modified only in that the acetone solution of chlorophyll was forced into the rapidly stirred water by gravity rather than by comiipressed air.
The absorption of carbon dioxide by the colloidal suspension of chlorophyll was measured in the apparatus diagrammed in fig. 10 was patterned after the one previously used in this laboratory for microhydrogenation (22 PLANT PHYSIOLOGY evacuated and any bubbles that formed in B removed. This alternate evacuation and filling with air was continued until pipet B was completely full of liquid. Stopcock c was then turned so as to drain the excess solution out of bulb A. When all had drained out, c was closed. The apparatus was then alternately evacuated and filled with carbon dioxide until it contained pure carbon dioxide. The whole apparatus was lowered into the constant temperature bath (25.10 C.) and shaken until the water contained in D and the rest of the apparatus was saturated with carbon dioxide. Stopcock b was closed and as soon as the manometer liquid in the two arms of the manometer E had remained level for a. half-hour the solution was allowed to flow into the reaction bulb C by opening stopcocks c and d. Absorption was evidenced by the change in level of the manometer liquid. To equalize the levels of the liquid in the two arms of the manometer, mercury was let into the reservoir F from buret G. When equilibrium was established, as shown by the constancy of the manometer, the volume of the gas absorbed was read from the buret.
The auxiliary apparatus connected to the absorption apparatus at H is not pictured. It consisted of a carbon dioxide generator, washflasks, manometer, and pumps so arranged with stopcocks that the evacuation and filling of the absorption apparatus with the desired gases could be effected readily.
This absorption apparatus gave the accepted value for the Bunsen absorption coefficient of carbon dioxide in water, 0.753 at 25.10 C. BOHR found the value, 0.757 (3).
The experimental data for the absorption of carbon dioxide by the colloidal suspension of chlorophyll are given in table XVI and figure 9 .
During the period of absorption, 64 hours, the colloidal chlorophyll flocculated and precipitated out. As soon as the experiment was completed the reaction vessel was removed from the apparatus, the solution filtered from the separated chlorophyll, and the magnesium in the filtrate estimated as the 8-hydroxyquinolate; the precipitated magnesium complex was determined gravimetrically. The number of atoms of magnesium recovered was 1.114 x 10-4. The number of mols of chlorophyll used was 3.54 x 10-4. Therefore, not all of the magnesium had been removed from the chlorophyll. To ascertain whether evidence also exists for compound formation between chlorophyll and carbon dioxide, the solubility of carbon dioxide in solid chlorophyll (a + b) and in pheophytin (a + b) was measured. Within the limits of accuracy of the apparatus the absorption appeared to be directly proportional to the pressure of the carbon dioxide ( fig. 11 ). This pointed to physical solution rather than to chemical combination of the carbon dioxide. When pheophytin was not thoroughly dry a slight deviation from linearity was obtained which may have been the result of chemical action.
The absorption of carbon dioxide by solid chlorophyll was carried out at 0.10 C. in the apparatus shown in figure 1. The chlorophyll had been prepared from mallow leaves by the method of WILLSTXTTER and STOLL (32d). It contained 2.68 per cent. magnesium.
The method of measurement was the same as that which has already been described except that the free volume of the reaction vessel (49.54 ml.) was calculated from the known volume of the vessel and the volume of the chlorophyll. [The weight used was 3.2022 gm. and the density taken was 1.11, the value given by KETELAAR and HANSON (13) ].
During its transfer to the reaction vessel, the pigment appeared to take up moisture. To remove this moisture the reaction vessel containing the pigment was warmed (40°to 450 C.) and alternately pumped out with the Sprengel pump and flushed with dry nitrogen. The sweeping process was continued until the volume of the nitrogen admitted to the reaction vessel (measured manometrically) was the same as the volume recovered by pumping.
The absorption was directly proportional to the pressure of the carbon dioxide ( fig. 11) The periods of boiling were probably too short to produce the maximum quantities of carbon dioxide, but it is evident that carbon dioxide may be liberated from leaf material with different degrees of facility. There was some evidence that storage of the leaves depleted the amount of carbon dioxide that could be liberated with 12 per cent. hydrochloric acid.
Summary
Measurements of the carbon dioxide absorption by unilluminated leaves have demonstrated that all leaves so far examined, with the possible exception of leaves from the acid plant Sedum praealtum, absorb carbon dioxide in excess of that ascribable to the water they contain. Inasmuch as etiolated, yellow, and albino leaves exhibit as great an absorption as their chlorophyllous counterparts, it appears that chlorophyll is not the controlling factor in carbon dioxide absorption. This is confirmed by the fact that
